1. Introduction {#s0005}
===============

ALDH^br^ cells are the stem and progenitor cells that express high level of aldehyde dehydrogenase (ALDH). Till now, 19 ALDHs have been identified [@bib1]. Among them, the cytosolic ALDH1A sub-family, which comprises the primary ALDHs (ALDH1A1/-1A2/-1A3), is known as the major component of ALDH^br^ cells [@bib2]. The safety and efficiency of autologous ALDH^br^ cells therapy have been proved by randomized, double-blind pilot study in patients with chronic myocardial ischemia [@bib3] and critical limb ischemia [@bib4], [@bib5]. Robust hematopoietic repopulating function [@bib6] and angiogenesis capacity [@bib7] were also revealed in the immunodeficient mice post administration of ALDH^br^ cells. However, the underlying factors responsible for the significant benefits of ALDH^br^ cell therapy remain largely elusive.

Survival and the subsequent tissue renewal capacity of stem cells in the hypoxia niche are dependent of the glycolysis metabolism, the major source of energy supply in the hypoxic circumferences [@bib8], [@bib9], [@bib10]. The status of glycolysis metabolism might thus be a major determinant of the fortune and function of various stem cells. In the present study, we tested the hypothesis that the potent therapeutic efficacy of ALDH^br^ cell therapy might be related to their individual metabolic pathways in favor of efficient glycolysis.

Our results indicated that the major energy supply of ALDH^br^ cells is from glycolysis, but not from oxidative phosphorylation (OXPHOS). To further explore the mechanism underlying the efficient therapy of ALDH^br^ cells for ischemic organs, PCR array was used to detect the differential expressed mRNA related to angiogenesis in hypoxic ALDH^br^ cells and evidenced significantly upregulated ALDH2 expression. Further studies showed that ALDH2 deficiency reduced the therapeutic effect of ALDH^br^ cells in the mice model of ischemic hind limb due to decreased anaerobic glycolysis and increased mitochondrial ROS generation. Besides, transplantion of human ALDH^br^ cells from GG genotype resulted in more significant increased blood flow recovery compared with human ALDH^br^ cells from GA/AA genotype in the mice model of ischemic hind limb. Above observations highlight the importance of individualized ALDH^br^ cells therapy for patients with various *Aldh2* genotypes.

2. Results {#s0010}
==========

2.1. Therapeutic potency of ALDH^br^ cells for ischemic hind limb in mice {#s0015}
-------------------------------------------------------------------------

Mouse ALDH^br^ cells were purified from bone marrow mononuclear cells by FACS after reacting with Aldefluor substrate, ALDH activity was high and side scatter was low in ALDHbr cells ([Fig. 1](#f0005){ref-type="fig"}A). To determine the therapeutic effect of ALDH^br^ cells, the ischemic injury was induced in left hind limb by unilateral femoral artery ligation in mice. Blood flow recovery of ischemic hind limbs of mice was imaged at different time points after transplantation of PBS, WT ALDH^br^ cells, and WT BMNCs ([Fig. 1](#f0005){ref-type="fig"}B). As shown in [Fig. 1](#f0005){ref-type="fig"}C, perfusion rate (PR) of ischemic and non-ischemic hind limb was up to 20.72% at the third day in ALDH^br^ cells transplanted group, which was about 2-fold higher than that in the control group (p \< 0.05). The average PR of ALDH^br^ cells group was also significantly higher at the seventh day, which was up to 57.12%, while the average PR in other two groups was 28.06% (control, p \< 0.01) and 31.26% (BMNCs, p \< 0.05) respectively. These findings demonstrated the therapeutic efficiency of ALDH^br^ cells for ischemic injury.Fig. 1**Ischemic reparation capacity of ALDH**^**br**^**cells in the ischemic hind limb model. A** ALDH^br^ cells was isolated from BMNCs after incubation with Aldefluor reagent. **B** Laser Doppler imaging of ischemic hind limb and non-ischemic hind limb at day 0, 3, 7, 14 post BMNCs and ALDH^br^ cells transplantion. Blue indicates ischemic area, red indicates non-ischemic area. **C** The perfusion ratio (ischemic/non-ischemic hind limb) among the groups at different time points post BMNCs and ALDH^br^ cells transplantation (\*P \< 0.05 vs relative group of control, \# P \< 0.05 relative group of BMNCs, \*\*P \< 0.01 vs relative group of control). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 1

2.2. Specific metabolic characteristics of ALDH^br^ cells {#s0020}
---------------------------------------------------------

Metabolic characteristics may influence function and fate of transplanted stem cells. Therefore, the metabolic indexes, including ECAR and oxygen consumption rate (OCR), were measured by the XFe96 extracellular flux analyzer in WT ALDH^br^ cells and WT BMNCs. Analysis of extracellular proton flux demonstrated significantly elevated ECAR in ALDH^br^ cells ([Fig. 2](#f0010){ref-type="fig"}A and B), indicating enhanced glycolysis capacity and glycolysis reserve of ALDH^br^ cells compared to BMNCs, while the basal respiration, ATP turnover, ATP leak and maximal respiratory capacity of ALDH^br^ cells were all markedly decreased ([Fig. 2](#f0010){ref-type="fig"}C and D), suggesting that the total electron transport capacity was limited in ALDH^br^ cells. Accordingly, the expression of LDHA, which is responsible for catalyzing the glucose fermentation to lactate, and two rate-limiting enzymes of glycolysis PFK1 and PKM2, were all upregulated in ALDH^br^ cells. Finally, expression of GLUT1, a glucose transporter for glycolysis, was also upregulated in ALDH^br^ cells ([Fig. 2](#f0010){ref-type="fig"}E).Fig. 2**ALDH**^**br**^**cells heavily rely on anaerobic glycolysis for energy supply. A, B** Basal glycolysis, glycolysis capacity and glycolysis reserves were calculated as described in Methods (\*P \< 0.05, \*\*P \< 0.01). **C** OCR measurement at baseline and after addition of Oligomycin, FCCP, and Anticymin A/Rotenone. **D** OXPHOS indexes were calculated (\*\*P \< 0.01, \*\*\*\*P \< 0.0001). **E** Western blot analysis of representative glycolysis related enzymes (PKM2, PFK1, LDHA), key glucose transporter (GLUT1) in mononuclear cells and KO ALDH^br^ cells.Fig. 2

2.3. PCR array analysis of differentially expressed genes in hypoxic ALDH^br^ cells {#s0025}
-----------------------------------------------------------------------------------

To analyze the key regulators responsible for ALDH^br^ cell therapy efficacy under ischemia, PCR array was used to detect the mRNA expression changes of 95 angiogenesis related genes, including cytokines, adhesion, growth factors and receptors, in ALDH^br^ cells under hypoxia. Data suggested that 44 mRNA expressions were downregulated and 10 were upregulated under hypoxia. One of the most significantly upregulated gene expression was *Aldh2* (p \< 0.05; [Fig. 3](#f0015){ref-type="fig"}A). We thus speculated that *Aldh2* might play a key role in the therapeutic process of ALDH^br^ cells on ischemia injury. Based on above finding, we used ALDH2 deleted mice ([Fig. 3](#f0015){ref-type="fig"}B) for further experiments, ALDH^br^ cells from ALDH2 knockout (KO) or WT mice were isolated by Aldefluor reaction method ([Fig. 3](#f0015){ref-type="fig"}C). As shown in [Fig. 3](#f0015){ref-type="fig"}D, the number of ALDH^br^ cells was significantly lower in ALDH2 KO BMNCs than that from WT (11.96 ± 0.75 vs 30.97 ± 1.73, n = 19, p \< 0.01).Fig. 3**Significant change of*****Aldh2*****expression in ALDH**^**br**^**cells under hypoxia. A** Expression of angiogenesis related genes in ALDH^br^ cells: normoxia relative to hypoxia exception for genes fold change between ± 0.5 (\*P \< 0.05, n = 3)**. B***Aldh2-/-* mice was created by homozygous mutant, change of DNA and protein level. **C** WT ALDH^br^ cells and KO ALDH^br^ cells were separated by low side scatter and high ALDH activity. FACS of ALDH^br^ cells was circled by elliptical ring. **D** Compared with ALDH^br^ cells (30.97%, n = 19) in WT BMNCs, ALDH2 deficiency markedly decreased the number of ALDH^br^ cells (11.96%, n = 19) in KO BMNCs (\*\*\*\*P \< 0.0001).Fig. 3

2.4. Impact of ALDH2 deficiency on ALDH^br^ cells therapy for ischemic injury {#s0030}
-----------------------------------------------------------------------------

Our previous study showed that ALDH2 was a key microenvironment homeostasis mediator, which was an essential prerequisite for effective bone marrow MSC therapy [@bib11]. To observe whether the ALDH^br^ cells therapy for ischemic injury could be affected by ALDH2 genotype alone, we evaluated the blood flow recovery of ischemic hind limbs of mice post ALDH2 KO ALDH^br^ cells and WT ALDH^br^ cells transplantation at various time points ([Fig. 4](#f0020){ref-type="fig"}A and B). The PR value of ischemic hind limbs at the third day was 2-fold lower in ALDH2 KO ALDH^br^ cells treated group than in WT ALDH^br^ cells treated group: PBS (13.81%), WT ALDH^br^ cells (21.86%) and KO ALDH^br^ cells (10.25%) (p \< 0.01). At seventh day, PR values of various groups were as follows: WT ALDH^br^ cells (57.22%), ALDH2 KO ALDH^br^ cells (33.5%) and PBS (31.12%). In addition, ALDH2 KO ALDH^br^ cells treated hind limb exhibited more severe necrosis than that treated by WT ALDH^br^ cells ([Fig. 4](#f0020){ref-type="fig"}C and D). Similar as PR, same trend was documented on CD31 stained capillary numbers, a representative marker of angiogenesis (p \< 0.05; [Fig. 4](#f0020){ref-type="fig"}E and F). Therefore, the ALDH^br^ cells from ALDH2 deficiency mice had reduced therapeutic effect on ischemic injury in this hind limb ischemia model.Fig. 4**ALDH2 deficiency compromised the therapeutic effects of ALDH**^**br**^**cells therapy for hind limb ischemia. A** Representative Laser Dopplor imaging of mouse hindquarters in control, WT ALDH^br^ cells and KO ALDH^br^ cells injected groups at day 0, 3, 7, 14, the red represents non-ischemic hind limb and blue ischemic hind limb. **B** PR of ischemic hind limb and non-ischemic hind limb in PBS, WT ALDH^br^ cells and KO ALDH^br^ cells transplanted mice at day 1, 3 (\*\*p \< 0.01 vs relative group of KO ALDH^br^ cells n = 12--14), 7 (\*\*p \< 0.01 vs relative group of KO ALDH^br^ cells, \#\#p \< 0.01 vs relative group of control, n = 14). **C** Morphological images of PBS, WT ALDH^br^ cells and KO ALDH^br^ cells administrated ischemic hind limb. Non-isc represents right hind limb, isc represents left hind limb. **D** Necrosis assessment of ischemic hind limb, the following three grades were used: no necrosis; toe necrosis, necrosis limited to the toes; foot necrosis, necrosis extending to the dorsum pedis. Compared with WT ALDH^br^ cells, KO ALDH^br^ cells transplanted ischemic hind limb showed more severely necrosis degree. **E, F** Immunofluorescence of 4′,6-diamidino-2-phenylindole (DAPI; blue) and CD31 (red) in ischemic tissue after PBS, WT ALDH^br^ cells and KO ALDH^br^ cells delivery for 7days (\*P \< 0.05, n = 3--5). Bar, 10 µm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 4

2.5. Fate of WT ALDH^br^ and ALDH2 KO ALDH^br^ cells in vivo and in vitro {#s0035}
-------------------------------------------------------------------------

To determine the impact of ALDH2 on the fate of ALDH^br^ cells, retention of ALDH^br^ cells was monitored by green fluorescent protein GFP ([Fig. 5](#f0025){ref-type="fig"}A). Compared with WT ALDH^br^ cells treated ischemic hind limbs, the in vivo fluorescence imaging was decreased in ALDH2 KO ALDH^br^ cells on day 3 ([Fig. 5](#f0025){ref-type="fig"}B), suggesting that ALDH2 deficiency decreased ALDH^br^ cells retention in ischemic tissue. However, GFP fluorescence decayed in both WT ALDH^br^ cells and ALDH2 KO ALDH^br^ cells treated hind limb at day 7 ([Fig. 5](#f0025){ref-type="fig"}C). To further demonstrate the influence of hypoxia in ALDH^br^ cells, Annexin V assay of WT and ALDH2 KO ALDH^br^ cells after hypoxia treatment were performed. The results showed that apoptosis was markedly increased in hypoxic ALDH2 KO ALDH^br^ cells compared to hypoxic WT ALDH^br^ cells (p \< 0.0001; [Fig. 5](#f0025){ref-type="fig"}D and E). Therefore, survival of ALDH2 KO ALDH^br^ cells was significantly reduced in the hypoxic environment compared to WT ALDH^br^ cells.Fig. 5**Retention effect of ALDH**^**br**^**cells in the ischemic limb. A** The whole body fluorescence imaging at day 3 and 7 after transplantation of PBS, GFP labelled WT ALDH^br^ cells and ALDH2 KO ALDH^br^ cells. **B, C** Fluorescence intensity of ALDH^br^ cells transplanted mice was significantly increased in comparison with control at days 3 (\*P \< 0.05, n = 5). Fluorescence intensity decayed in both WT ALDH^br^ cells and ALDH2 KO ALDH^br^ cells treated mice at the seventh day. **D, E** WT ALDH^br^ cells and KO ALDH^br^ cells were incubated in serum-free medium under hypoxia (1% O2) condition for 3 h, Annexin V apoptosis assay in WT ALDH^br^ cells and KO ALDH^br^ cells were measured. (\*\*\*\*P \< 0.0001).Fig. 5

2.6. Metabolic changes of ALDH^br^ cells related to ALDH2 deletion {#s0040}
------------------------------------------------------------------

The metabolic status was compared between ALDH2 KO ALDH^br^ cells and WT ALDHbr cells using XFe96 extracellular flux analysis. Compared with WT ALDH^br^ cells, glycolysis capacity was significantly reduced in ALDH2 KO ALDH^br^ cells, which exhibited decreased ECAR (p \< 0.0001; [Fig. 6](#f0030){ref-type="fig"}A and B). We hypothesized that the impaired glycolysis capacity in ALDH2 KO ALDH^br^ cells might result in enhanced mitochondrion respiration to keep the metabolic balance of ALDH2 KO ALDH^br^ cells. In fact, the results of OCR measurement demonstrated that the basal respiration, ATP production, proton leak, maximal respiratory capacity were all markedly reduced in ALDH2 KO ALDH^br^ cells as compared to WT ALDH^br^ cells ([Fig. 6](#f0030){ref-type="fig"}C and D).Fig. 6**The metabolic characteristics was changed by ALDH2 deficiency in ALDH**^**br**^**cells. A** ECAR was detected in WT ALDH^br^ cells and KO ALDH^br^ cells by Seahorse XFe96 analyzer following the method mentioned above. **B** Compared with WT ALDH^br^ cells, the glycolysis capacity decreased significantly in KO ALDH^br^ cells (\*\*\*\*P \< 0.0001). **C** OCR detection in WT ALDH^br^ cells and KO ALDH^br^ cells by Seahorse XF96 analyzer. **D** Calculation of the basal respiration, ATP linked respiration, proton leak, maximal respiratory capacity of OCR showed a lower oxidative phosphorylation state in ALDH2 KO ALDH^br^ cells (\*\*P \< 0.001, \*\*\*\*P \< 0.001). **E** Western blot analysis of representative glycolysis related enzymes (PKM2, PFK1, LDHA), key glucose transporter (GLUT1) and Expression of HIF-1α in WT ALDH^br^ cells and KO ALDH^br^ cells. **F** Western blot analysis of OXPHOS complexes in ALDH^br^ cells, including complex I, II, III, cytochrome c oxidase and Mitochondrial membrane ATP synthase. Expression 5 OXPHOS complexes were downregulated in ALDH2 KO ALDH^br^ cells.Fig. 6

To confirm the change of glycolysis in different ALDH^br^ cells, the glycolysis associated enzymes, including LDHA, PKF1, PKM2 and GLUT1, were measured in WT ALDH^br^ and ALDH2 KO ALDH^br^ cells. As shown in [Fig. 6](#f0030){ref-type="fig"}E, the expression of these enzymes was decreased in ALDH2 KO ALDH^br^ cells, suggesting decreased glucose absorption and glycolysis capacity in ALDH2 KO ALDH^br^ cells. Given that cell glycolysis capacity is regulated by HIF-1α dependent transcription activation of genes encoding for GLUT1 and glycolytic enzymes in hypoxia niche [@bib12], the expression of HIF-1α was measured. Consistent with the decreased glycolysis flux in ALDH2 KO ALDH^br^ cells, HIF-1α expression was significantly downregulated in ALDH2 KO ALDH^br^ cells.

To further investigate the role of mitochondrial respiration in ALDH2 KO ALDH^br^ cells, Western Blotting analysis was performed to detect the relative levels of 5 OXPHOS complexes in mitochondrial, including complex I, II, III, cytochrome c oxidase and mitochondrial membrane ATP synthase. We found that the expression of OXPHOS complexes in ALDH2 KO ALDH^br^ cells was significantly downregulated ([Fig. 6](#f0030){ref-type="fig"}F), indicating decreased electron transport efficiency.

2.7. ALDH2 deficiency is associated with increased mitochondrial ROS levels in ALDH^br^ cells {#s0045}
---------------------------------------------------------------------------------------------

4-HNE was the major substrate of ALDH2 and the biomarkers for oxidative stress, we analyzed the expression of 4-HNE adducts using Western blot. Compared with WT ALDH^br^ cells, 4-HNE modified protein expressions were dramatically increased in ALDH2 KO ALDH^br^ cells ([Fig. 7](#f0035){ref-type="fig"}A). Moreover, measurement of intracellular ROS levels in WT ALDH^br^ cells and ALDH2 KO ALDH^br^ cells showed that ALDH2 deficiency notably increased ROS fluorescent density of ALDH^br^ cells (p \< 0.01; [Fig. 7](#f0035){ref-type="fig"}B and C). Cellular ROS is generated from various sources including mitochondria, cytochrome p450, and NADPH oxidase. Previous research of our group indicated the remarkably increased ROS of *Aldh2-/-* mice majorly derived from mitochondria [@bib13]. Therefore, mitochondrial ROS levels of WT ALDH^br^ cells and ALDH2 KO ALDH^br^ cells were measured, the result showed that mitochondrial ROS fluorescent density significantly increased in ALDH2 deleted ALDH^br^ cells (p \< 0.001; [Fig. 7](#f0035){ref-type="fig"}D and E).Fig. 7**ALDH2 deficiency increased ROS levels of ALDH**^**br**^**cells. A** Western bolt analysis of 4-HNE adducted proteins in WT ALDH^br^ cells and ALDH2 KO ALDH^br^ cells. **B,C** Intracellular ROS levels in ALDH2 KO ALDH^br^ cells were increased significantly (\*\*P \< 0.001). **D,E** Total fluorescence density of ROS in mitochondria of ALDH2 KO ALDH^br^ cells markedly increased (\*\*\*P \< 0.001).Fig. 7

2.8. Therapy of human ALDH^br^ cells with different *Aldh2* genotypes in the ischemic hind limb mice model {#s0050}
----------------------------------------------------------------------------------------------------------

We further separated human ALDH^br^ cells from BMNCs using a similar method employed in mice. Different with mouse ALDH^br^ cells, human ALDH^br^ cells were sorted only about 1% ([Fig. 8](#f0040){ref-type="fig"}A). To identify the effect of *Aldh2* mutation on ischemic therapy efficacy of human ALDH^br^ cells, we transplanted human ALDH^br^ cells with different *Aldh2* genotypes into ischemic hind limbs of SOD/SCID mice. One week later, the hindquarters blood flow was scanned by Laser Doppler. Compared with control, PR values of GG and GA/AA ALDH^br^ cells treated groups were both increased, while the PR increase was more significant in GG ALDH^br^ cells treated groups than in GA/AA ALDH^br^ cells treated groups (60.17% vs 27.23%, P \< 0.001 [Fig. 8](#f0040){ref-type="fig"}B and C). Our results indicated that ALDH2 deficiency reduced the therapeutic capacity of human ALDH^br^ cells in this ischemic hind limb mice model.Fig. 8**Human*****Aldh2*****genotype determines the therapeutic potential of ALDH**^**br**^**cells for ischemic injury. A** Purification of human ALDH^br^ cells from MNCs with low side scatter and high ALDH activity. **B** PR of control and ALDH^br^ cells transplanted NOD/SCID mice (\*\*p \< 0.01 n ≥ 4). **C** Laser Dopplor imaging of hindquarters treated with GG-, GA/AA- ALDH^br^ cells for one week (red: non-ischemic hind limb, blue: ischemic hind limb). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 8

3. Discussion {#s0055}
=============

In this study, we demonstrated that ALDH^br^ cells restored the blood of ischemic hind limb with higher efficiency compared to BMNCs, and ALDH^br^ cells utilized anaerobic glycolysis instead of OXPHOS to meet their energy demands. Furthermore, we illuminated that ALDH2 is a key mediator of ALDH^br^ cells under hypoxic circumference. ALDH2 deficiency also attenuated the therapeutic effect of both mouse and human ALDH^br^ cells in ischemic hind limb mice model, mostly due to decreased glycolysis and abnormal mitochondrial respiration, as well as increased mitochondrial ROS.

Recent studies have highlighted that hypoxia contributes to the maintenance of an undifferentiated status as well as influences cell proliferation and cell fate [@bib14]. Therefore, hematopoietic stem cells and progenitors likely depend on anaerobic glycolysis, rather than OXPHOS to support ATP production, this unique low mitochondrial activity/glycolysis-dependent subpopulation is also linked with enhanced colony forming capacity and long-term repopulation [@bib15]. In addition, increasing evidence suggests that metabolic transition from glycolysis to oxidative phosphorylation plays an important role in the process of stem cell differentiation [@bib16], [@bib17], [@bib18], [@bib19], [@bib20]. Taken together, glycolysis is a crucial regulator of stemness maintaining. In this study, the heterogeneous population of bone marrow ALDH^br^ cells also depends on glycolysis-dominated metabolism as those hematopoietic stem cells and progenitors. This metabolic mode may thus underlie ALDH^br^ cells' high proliferation capacity and adapting ability in ischemic tissue. Indeed, we showed that the stemness of ALDH^br^ cells was enhanced compared to that of BMNCs. These observations support the robust therapeutic effect of ALDH^br^ cells on the ischemic tissue.

Mitochondrial ALDH2 is initially reported as a key enzyme catalyzing acetaldehyde formed from ethanol metabolism [@bib21], [@bib22]. Studies of recent years revealed a vital cardiac protective role of ALDH2 activity. Chen et al. proved that pharmacologic enhancement of ALDH2 activity by Alda-1 reduced ischemic damage to the heart [@bib23]. The ethanol-induced protection from cardiac ischemia was dependent on the activity of ALDH2 mediated by varepsilon PKC [@bib24], while direct activation of ALDH2 conferred similar cardioprotection effect like ethanol [@bib25]. ALDH2 also induced cardioprotective effect against ischemia/reperfusion (I/R) injury via detoxification of toxic aldehyde and regulation of autophagy [@bib26]. Besides, ALDH2 activation contributed to ischemic preconditioning induced cardioprotection by preventing renin release from cardiac mast cells [@bib27]. In addition, ALDH2 protected heart against acute ethanol toxicity by inhibiting protein phosphatase and forkhead transcription factor [@bib28]. The selective activation of ALDH2 sufficiently improved the heart failure outcome [@bib29]. Furthermore, ALDH2 was necessary for aldehyde detoxification in hematopoietic stem and progenitor cells (HSPCs) [@bib30]. Our study evidenced upregulated genes expression especially *Aldh2* in hypoxic ALDH^br^ cells. In case of *Aldh2* deficiency, the therapeutic effect of ALDH^br^ cells on ischemic hind limbs was reduced, which was linked with impaired glycolysis capacity and OXPHOS of ALDH^br^ cells. The former might diminish the ischemic adaption and proliferation of ALDH2 KO ALDH^br^ cells, the latter was associated with increased level of ROS. The above mentioned disturbed metabolism might thus responsible for the compromised therapeutic effect on ischemic injury of ALDH2 KO ALDH^br^ cells.

It is known that expression of key glycolytic genes, including glucose transporters GLUT-1 and GLUT-3, lactate dehydrogenase (LDH), phosphoglycerate kinase (PGK-1), glucose-6-phosphate isomerase (GPI) and PFK-1, could be upregulated by HIF-1α [@bib31], [@bib32]. Our data showed that ALDH2 deficiency decreased the expression of HIF-1α in ALDH^br^ cells, and downregulated the expression of glycolysis associated proteins GLUT1, PKM2, PFK-1 and LDHA. Therefore, combined with the increased *Aldh2* expression in ALDH^br^ cells under hypoxia condition and the attenuated ECAR induced by ALDH2 deficiency, our data collectively indicated that normal glycolysis in ALDH^br^ cells may partly be regulated by ALDH2 via regulating HIF-1α expression. Since HIF-1α is essential for cellular and systemic responses to low oxygen availability [@bib33], reduced HIF-1α level, therefore, could be responsible for the reduced survival of ALDH2 KO ALDH^br^ cells in hypoxic condition.

As a substrate of ALDH2, 4-HNE may suppress ALDH2 activity [@bib34]. ALDH2 inhibition, on the other hand, could increase levels of 4-HNE and superoxide in diabetic cardiomyopathy [@bib35] and alcoholic cardiomyopathy [@bib36]. We also found increased 4-HNE in the ALDH2 deficient ALDH^br^ cells. The majority of 4-HNE adducted proteins in mitochondria are the members of electron transport chain [@bib37], [@bib38], which could directly affect electron transport efficiency. We evidenced downregulated OXPHOS complexes in ALDH2 KO ALDH^br^ cells. Our results suggest that ALDH2 deficiency might damage the electron transport efficiency by the combined effect of increased 4-HNE and decreased OXPHOS complexes expression. Like 4-HNE, increased ROS could inhibit ALDH2 activity [@bib39], [@bib40]. Previous studies showed that increased oxidative stress was discernable in both ALDH2 deficient cells [@bib41] and mice [@bib42]. Previous report demonstrated that excessive ROS might damage the stem cell function and reduce the size of stem cell pool. And acute increase in intracellular concentrations of ROS caused inhibition of glycolytic enzyme PKM2 in human cancer cells [@bib43]. Our results indicated that ALDH2 deficiency significantly enhanced ROS generation and downregulated glycolytic enzyme PKM2 in ALDH^br^ cells. Taken together, we considered that the compromised therapeutic potency of ALDH^br^ cells with ALDH2 deficiency might be caused by increased ROS levels, which might have resulted in disadvantaged metabolism, low retention and re-adaption capacity under hypoxic condition.

It was reported that mitochondrial ALDH, is a nitrate reductase that performed the biotransformation of nitroglycerin (GNT) and relax the vascular smooth muscle [@bib44], [@bib45]. Mitochondrial ROS overproduction could inhibit ALDH2 activity, finally mediated the process of nitrate tolerance [@bib46], [@bib47]. Conversely, reactivation of ALDH2 by lipoic acid improved the nitrate tolerance [@bib48], [@bib49]. In recent years, studies have revealed that mitochondrial ROS was the central regulator in nitrate tolerance. Inhibition of mitochondria-targeted antioxidants improved the tolerance of GNT [@bib50]. In response to chronic pro-oxidant stimuli, the mitochondrial ROS formation significantly increased in *Aldh2-/-* mice [@bib51]. Our previous study has demonstrated that the mitochondria were the major source of ROS formation in *Aldh2-/-* mice [@bib13]. The present study also showed that, ALDH2 deficiency could induce the remarkably increase of mitochondrial ROS formation in ALDH^br^ cells, which might be one determinant for the reduced anti-ischemic capacity after transplantation.

Based on our research, ALDH2 deficiency decreased the therapeutic capacity of ALDH^br^ cells, it remains unknown if the small molecule activator of ALDH2, Alda-1 [@bib52], could reverse the effect. Alda-1 was reported to reduce the ischemic heart damage in rodent models [@bib23] and ameliorate vascular remodeling in pulmonary arterial hypertension [@bib53]. Furthermore, selective activation of mitochondrial ALDH2 reduced the aldehydic load and improved mitochondrial function in the failing heart [@bib54]. The application of Alda-1 might pave the way of improving the function of ALDH^br^ cells in case of ALDH2 deficiency. However, the improved NAD binding for Alda-1 stimulation was needed to establish ALDH2 activity, the functions of ALDH2 exhibited reductase, dehydrogenase and esterase activities, not all of the activities could be activated by Alda-1 [@bib55]. Despite the presence of Alda-1, the catalytic process upon activation took place under saturated conditions [@bib52], the rate of catalysis of ALDH2 was decreased at the low concentrations of aldehyde, the beneficial effects of Alda-1 were only observed under high oxidative stress conditions [@bib56]. In summary, although the beneficial effects of Alda-1 have been elaborated in various disease models, the function of ALDH2 could not be completely restored. Several factors should be taken into consideration when using Alda-1 as an exogenous stimulator of ALDH-2, including the working concentration, half-life period, continuity of stimulation, toxic and side effect.

As a therapeutic candidate for ischemic injury, ALDH^br^ cells have been tested in clinical trials of ischemia repair with satisfactory results [@bib3], [@bib4], [@bib5], [@bib57]. Our study supply evidences explaining the potential working mechanism by exploring the metabolic characteristic of ALDH^br^ cells in case of hypoxia and ALDH2 deficiency. More importantly, we found that ALDH2 deficiency compromised ALDH^br^ cells' repair capacity for ischemia due to reduced glycolysis capacity and increased ALDH^br^ cells apoptosis, which might be mediated by downregulated HIF-1α expression, as well as enhanced 4-HNE and ROS levels. In conclusion, our results show that the efficacy of ALDH^br^ cell therapy depends on ALDH2 activity, individuals with loss of function of ALDH2 are therefore not suitable for ALDH^br^ cells therapy for ischemic disease.

4. Limitation {#s0060}
=============

Limitation existed in our present study. It is also essential to determine the source of ROS production by using various inhibitors for mitochondrial ROS or NADPH oxidase, these results are yet unavailable now, future studies are warranted to explore this issue.

5. Materials and methods {#s0065}
========================

5.1. Animals and ALDH^br^ cells preparation {#s0070}
-------------------------------------------

Eight weeks old C57BL/6 male mice (weighing 20--22g) and matched ALDH2 knockout (KO) male mice were used in our study. Among them, C57BL/6 mice were obtained from Shanghai Jiesijie Laboratory Animal Centre (Shanghai, China) and ALDH2 KO mice were generated as described previously [@bib58]. All animals experiment was performed according to institutional guidelines. Bone marrow cells were isolated from 8-weeks-old C57BL/6 wild type and ALDH2 KO male mice respectively. Unpurified mononuclear cells (MNCs) were separated by Ficoll-hypaque gradient centrifugation, the representative buffy coat was collected and washed by stain buffer for eliminating the Ficoll-hypaqyue solution. Finally, cells were stained with Aldefluor reagent and ALDH inhibitor DEAB (Stem Cell Technologies), then ALDH^br^ cells with high ALDH activity and low side scatter were gated and collected by fluorescence-activated cell sorting FACS Calibur (BD biosciences).

5.2. Murine hind limb ischemia surgery and laser Doppler perfusion imaging {#s0075}
--------------------------------------------------------------------------

Eight-week-old C57BL/6 mice were anesthetized by intraperitoneally injection of pentobarbital sodium (40 mg/kg body weight), then hind limb ischemia was performed by left femoral artery ligation and excision, Then PBS, 4×10^6^ mononuclear cells, isolated 10^6^ WT ALDH^br^ cells and 10^6^ ALDH2 KO ALDH^br^ cells were transplanted within 24 h at the two sides of ligation site. Blood recovery was detected by laser Doppler perfusion imaging (PeriScan PIM 3 system, Perimed, Sweden) at day 0, 3, 7 and 14. In detail, mouse hindquarters were imaged after placing the anesthetized mouse on 37 ℃ heating plate for 5 min, perfusion ratio of ischemic limbs vs non-ischemic limbs were quantified by averaging relative units of flux from the knee to the toe using PIMsoft Software (Perimed med, Sweden) [@bib7].

5.3. Bioenergetics assay {#s0080}
------------------------

The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of WT mononuclear cells, WT ALDH^br^ cells and ALDH2 KO ALDH^br^ cells were analyzed in an XFe96 extracellular flux analyzer (Seahorese Bioscience) as described previously [@bib59]. Before the experiment, Seahorse 96-well plate was attached by poly-[D]{.smallcaps}-lysine (PDL) (Sigma) for at least 2 h, then isolated cells were plated on PDL attached plates at a density of 5×10^5^ cells/well, then the OCR and ECAR were measured to analyze oxygen consumption rate and glycolytic capacity of cells. Then metabolic profiles of OCR were detected by adding oligomycin A (1 μM), 1 μM FCCP, antimycin A (1 μM) and rotenone (1 μM). ECAR was determined by adding glucose (10 mM), oligomycin A (1 μM) and 2-deoxy-[D]{.smallcaps}-glucose (2-DG; 1 M). The following Oxidative Phosphorylation (OXPHOS) and glycolytic indexes were calculated: Basal respiration (OCR~pre-Olig~-OCR~post-AntA~), ATP linked respiration (OCR~pre-Olig~-OCR~post-Olig~), Maximal respiration (OCR~post-FCCP~-OCR~post-AntA~), Proton leak (OCR~post-Olig~-OCR~post-AntA~), Basic glycolysis (ECAR~pre-Olig~), Glycolytic capacity (ECAR~post-Olig~), and Glycolytic capacity (ECAR~post-Olig~), Glycolytic reserve (ECAR~post-Olig~-ECAR~pre-Olig~) [@bib20].

5.4. PCR array analysis {#s0085}
-----------------------

After sorting, ALDH^br^ cells were incubated under hypoxia for 6 h. Then cells were collected by centrifugation and were lysed in TRIZOL regent (Invitrogen). RNA was separated in phases and precipitated, showing a gel-like pellet on the side and bottom of the tube, then the supernatant was removed and RNA pellet was washed with 75% ethanol. At the end of the procedure, RNA was air-dried and dissolved, with an A260/280 ratio \< 1.6. The RNA yielded and quality was assessed by UV absorbance (NanoDrop® ND-1000) and denatured agarose gel electrophoresis, then the cDNA was synthetized and the real-time PCR was performed by Real-Time PCR Detection. In the end, the data was analyzed by ΔΔCt method.

5.5. Immunofluorescence and morphological necrosis examination {#s0090}
--------------------------------------------------------------

The quadriceps femoris muscle of ischemic limb were harvested after administration of cells for 7days, the samples were gradient dehydrated with sucrose and embedded with OCT, then frozen in liquid nitrogen for 5 min and transferred into −80 ℃. Each tissue was sectioned at 8 µm. Sections were incubated with rat anti-mouse CD31 (BD Biosciences), Alexa Fluor 549 donkey anti-rat secondary antibodies (Thermo Fisher Scientific) was used for fluorescence imaging. After counterstaining with DAPI, the sections were photographed with fluorescence confocal microscope (Nikon TE2000, Tokyo, Japan). Necrosis degree of ischemic limb was imaged by ordinary camera at days 0, 3, 7, 14. The degree of necrosis was visually evaluated by 3 grades [@bib11]: no necrosis; toe necrosis, necrosis limited to the toes; foot necrosis, necrosis extending to the dorsum pedis.

5.6. In vivo immunofluorescence and apoptosis assay {#s0095}
---------------------------------------------------

WT ALDH^br^ cells and KO ALDH^br^ cells were labelled with green fluorescent protein (GFP) by transfection with lentivirus, then transplanted into the ischemic area of mouse hindlimb. The whole body immunofluorescent imaging was performed by fluorescence detection system (IVIS Lumin XRMS) at day 3 and 7 after transplantation. Cells apoptosis was analyzed by FITC-Annexin V detection kit (BD Bioscience). Isolated ALDH^br^ cells and ALDH2 KO ALDH^br^ cells were treated by hypoxia for 3 h, then harvested cell were washed with cold PBS for two times and suspended in binding buffer, after incubating with FITC-Annexin V and PI, cell apoptosis was detected by FACSCalibur (BD biosciences).

5.7. Western blotting {#s0100}
---------------------

Proteins extracted from WT mononuclear cells, ALDH^br^ cells and ALDH2 KO ALDH^br^ cells were fractionated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), then transferred to the polyvinylidene difluoride (PVDF) (Millipore). After blocking with 5% Bovine Serum Albumin (BSA), the bolted membrane was incubated with rabbit anti-mouse polyclonal antibody Hif-1α(Novus Biologicals, 1:500), rabbit anti-mouse polyclonalantibody LDHA (Cell Signaling Technology, 1:1000), rabbit anti-mouse monoclonal antibody GLUT1 (Cell Signaling Technology, 1:1000), rabbit anti-mouse monoclonal antibody PKM2 (Cell Signaling Technology, 1:1000),rabbit anti-mouse monoclonal antibody PFK1 (Abcam, 1:2000) and β-actin (Kangcheng, 1:5000). Rabbit anti-mouse polyclonal antibody 4-ydroxynonenal (Abcam, 1:3000) and Total OXPHOS rodent antibody(Abcam, 1:250) were incubated on a whole PVDF membrane. Then enhanced chemiluminescence detection was used for imaging.

5.8. Oxidative stress analysis {#s0105}
------------------------------

Fluorometric intracellular ROS kit (Sigma aldrich) were used to detect intracellular ROS (especially superoxide and hydroxyl radicals) in live WT ALDH^br^ cells and ALDH2 KO ALDH^br^ cells. WT ALDH^br^ cells and ALDH2 KO ALDH^br^ cells were incubated in the working solution (1:1000dilution) for 30 min after FACS sorting. Then cells were washed for three times with PBS. Red fluorescence labelled cells (λex = 520/λem = 605 nm) was analyzed by flow cytometry (BD biosciences). Fluorescence density was calculated as percent of gated cell multiplied by mean of fluorescence density.

MitoSOX red mitochondrial superoxide indicator (Invitrogen) was used to detect mitochondrial superoxide in live WT ALDH^br^ cells and ALDH2 KO ALDH^br^ cells. WT ALDH^br^ cells and ALDH2 KO ALDH^br^ cells were incubated in the working solution (1:1000 dilution) for 10 min at 37 ℃ after FACS sorting. Then cells were washed for three times with warm PBS. Red fluorescence labelled cells (λex = 510/λem = 580 nm) was analyzed by flow cytometry (BD biosciences).

5.9. Human ALDH^br^ cells preparation and transplantation {#s0110}
---------------------------------------------------------

Human breastbone marrow was collected with informed consent from patients undergoing coronary artery disease (CAD). Then mononuclear cells (MNCs) was obtained after gradient centrifugation with human Ficoll-hypaqyue solution (Sigma) and incubated with Aldefluor kit (Stem Cell Technologies). ALDH^br^ cells was separated by FACS Calibur mentioned above. We ligated the femoral artery of right-hind limb in NOD/SCID mice and immediately transplanted the sorted ALDH^br^ cells (3--5×10^4^) into ischemic areas. The blood flow of hindquarters were detected one week later. One milliliter peripheral blood was collected from the included patients for DNA extraction, and the genotypes were identified by hybridization instrument (BR-526-24).

6. Statistical analyses {#s0115}
=======================

All above quantification analysis of at least 3 independent experiments were performed by GraphPad Prism 6.01. Statistical results was shown as the means ± standard error of mean (SEM). Student\'s independent *t*-test was used for analysis of two groups, and one-way ANOVA with the Bonferroni correction for multiple group analysis. The value of P \< 0.05 was considered statistically significant.
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